Big efforts have been invested in the development of high cell density culture strategies for animal cell culture processes 1 . Implementation of such strategies in bioreactors requires the use of suitable monitoring systems for automated control and process optimisation. Therefore, approaches based on simple measurements of primary variables using cheap technologies easy to implement are of great interest.
Oxygen is a key substrate in animal cell metabolism 2, 3 and the monitoring of its consumption known as oxygen uptake rate (O.U.R.) is a straightforward way to estimate viable cell density [4] [5] [6] . In addition, O.U.R. correlates well with the physiological state of cells 7 .
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Three different methods for the determination of O.U.R. in animal cell cultivation have been developed 8 : The dynamic technique based on the periodic measurement of the D.O. extinction profile in the liquid phase, this technique can be considered as a golden standard due to its simplicity and constitutes the operation fundamentals of some respiratory monitoring system like RAMOS [9] [10] [11] ; the global mass balance which consists on analysing the differential Due to its simplicity of implementation, the dynamic technique is by far the most commonly used method. Nevertheless, when coming to animal cell culture, it shows two considerable disadvantages: The necessary variation on the D.O. concentration increases the shear stress caused by bioreactor aeration system, which may affect negatively the cell growth and viability [12] [13] [14] . Moreover, the dynamic technique may not be compatible with the current trends in biopharmaceutical G.M.P. (Good Manufacturing Processes) 15, 16, 27 , since the cyclic changes on dissolved oxygen concentration (from > 60% to < 25%) and aeration rates needed for the dynamic technique implementation can have significant effects on product quality and potency, especially with respect to glycosylation, post-transcriptional modifications and impurity profiles. In addition, the time resolution provided by the dynamic technique is very poor, typically not higher than 1 sample per 1-2 hours, depending This article is protected by copyright. All rights reserved.
Accepted Article on the cell concentration. Alternatively, gas phase global mass balancing has several advantages: is a fully non-invasive method, there is no need for knowing the kLa value and yields a higher time resolution, increasing the density of accurate data obtained.
In any case, global mass balancing has not been widely used due to the need for complex and expensive instrumentation like mass spectrometers and extremely accurate D.O. control systems.
The recent introduction into the market of zirconium dioxide-based oxygen analyzers 17 , which are less expensive but still offer good measurement accuracy, is propitiating a wider use of such method for bioprocesses monitoring. However, at low cell densities the analytical error of such oxygen analysers is too close to the range of measurements, being the determination of O.U.R. not accurate enough during the initial stages of cultures. The stationary liquid mass balance method offers minimum cell stress and good estimation accuracy, but still has need of significant investment in mass flow controllers, as well as additional instrumentation to measure the oxygen concentration in the bioreactor's gas phase 18 .
The novelty of the hereby presented work relies on a simplified embodiment of a Moreover, in order to maintain the integrity of cell's membrane and to reduce the effects of shear stress, non-ionic surfactant Pluronic F-68 (Sigma, USA) was added to the culture medium at 0.2% (w/v). The kLa value was determined by means of the Van Riet's gassing out method and it was found to be 6.53 h -1 for PBS at 37 °C and 100 rpm.
It is important to emphasize the fact that the kLa value is susceptible of drifting along the experiment period, thus leading to an error on the O.U.R. estimation. Hence, it becomes of significant importance to previously measure the kLa value under realistic and representative conditions of those of the later experiment.

Method description and modelization
The proposed method was inspired by the O.U.R. estimation strategies applied in the monitoring of activated sludge reactors for environmental purposes. Where fast switching On-Off valves are P.W.M. commanded for pseudo-continuous O.U.R. estimation [20] [21] [22] . In our case, the gas phase oxygen molar fraction is regulated by means of two independent gas supplies (Oxygen and Nitrogen). This article is protected by copyright. All rights reserved.
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Hence, the corresponding transfer function can be expressed and solved by means of the Laplace transformation:
Equations ( 
Since the aim of the current approach is not just to estimate the oxygen consumption, but to keep a constant level of D.O., it will be necessary to match a good compromise between the control loop performance and the sensitivity of the control signal  with respect to the biological "disturbance". In other words, the control loop parameters need to be chosen according to a given transient response and stationary error. To that end, several simulations based on classical P-PI-PID control strategies were carried out. The control parameters were chosen in order to emphasize the effect of the oxygen consumption on the performance of each control strategy for an arbitrary cell line (data not shown). On one hand, it was found that the three control methods provided a good enough long term estimation of the O.U.R. On the other hand, pretty different stationary errors were observed. At a first glance, the logical control strategy selection was always PID. However, the presence of real unpredictable phenomena, such as variable inertia or unknown dead times, could easily produce unexpected behaviours, due to the action of the differential term, something highly undesirable due to the cells sensitivity to D.O. changes. Therefore, PI controller was found as the control strategy offering the best trade-off.
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Under the stationary regime, when the control loop's error signal dwindles around zero, the different error sources can then be considered as independent, and the O.U.R. estimation error can be analytically approached by a Taylor's first order development, which its relative form follows the expression:
As the control signal  is the outcome of a PID and the dissolved oxygen concentration in equilibrium with the gas phase is dependent on the Henry's law, the O.U.R. expression (vii) needs to be expanded considering the tuning parameters as well as the physical variables affecting the oxygen's diffusion through the medium:
The sensitivity analysis was carried out considering only the most relevant sources of error KLa and CL. Remaining variables were assumed to be constant or of an insignificant contribution. Subsequently, the overall uncertainty is given by the Taylor's first order development:
The first partial derivative is trivial and can easily be solved. However, . . . ⁄ which is the most interesting provided that offers the sensitivity with respect to the error related to the dissolved oxygen measurement, can only be solved by considering CL time independent and applying the Schwarz theorem. The corresponding solutions are expressed as follows:
A straightforward interpretation of the equations above is not advisable due to the assumptions taken, especially for . . . ⁄ , where their dependency with respect to the control loop action and the cell culture dynamics itself are not considered.
Therefore, a local/derivative based sensitivity analysis was carried out applying the onefactor-at-a-time method. In order to avoid unrealistic results on the contribution of each error source, some previous considerations about the nature of the errors were taken into account. First, a major difference between kLa and CL shall be noticed.
Volumetric mass transfer can slowly evolve along the culture time due to the interaction of the cell concentration with the culture medium. CL however, should show a faster fluctuation around a given set point adhering to some statistical distribution in addition to a bias error directly given by the instrument's accuracy.
Consequently, to feed the analysis, an exponential evolution of up to -10 % was assumed for kLa and a ±1 % constant measurement off-set was modeled for CL. Since the numerical analysis was just focused on the assessment of the mean values no probability distribution function was considered for CL. 
Cell growth assessment and metabolite analysis
Cell number was determined by manual counting using a Neubauer hemocytometer and a phase contrast microscope (Nikon eclypse, TS100). Viability was assessed using the Trypan blue dye exclusion method. Glucose and lactate concentrations were measured using an automatic glucose and lactate analyzer (YSI, Yellow Springs Instrument, 2700 Select).
RESULTS
This article is protected by copyright. All rights reserved. Those little differences may be related to little differences on inoculum cell densities, and are normally observed in cell cultures. Also, no significant differences in glucose and lactate concentration profiles were observed. Glucose was only exhausted after the exponential growth phase when the stationary liquid mass balance method was applied (Figure 4 C) while was even not depleted at all when the dynamic technique and gas analysers were used for O.U.R. determination (Figure 4 A and B) . Those differences were not reflected on the cell density profiles, but in the lactate generation and accumulation. Differences in the maximum lactate concentration, about 2-fold increase, are consistent with the observation of different glucose consumption profiles while cell density reached was similar. It is relevant to state that the lactate concentration reached is not detrimental for cell growth in any case (other cultures reached concentration over 25mM without affecting cell growth, data not shown). This observation denotes that the aeration strategies used when implementing the different O.U.R. determination method has an effect on cell physiology and metabolism. The culturing conditions (pO2 and pH) were kept nicely constant when the simplified method was used, but pO2 and pH were affected when the dynamic technique was applied (depicted in Figure 5 ). Dynamic Technique generates a pO2 fluctuation from 60% to 25% for each measurement, and during the analysis pH control is switched off. Since HEK293 metabolism are sensitive to lactate concentration and pH (and probably to other parameters such as pO2 and shear stress), a change on metabolism 26 (from glucose consumption to co-consumption of glucose and lactate) was observed when culturing conditions were affected by the O.U.R. determination technique. In our hands we have recently observed differences in metabolism and in the total cell density reached (about 20%) when fed-batch cultures were performed using different monitoring systems. Again when the dynamic technique was implemented the fed-batch culture performance was negatively affected (metabolism altered) even the glucose set point control was kept therein the range set. Differently, when fed-batch nutrient feeding was commanded by the alkali buffer addition, those limitations were not observed (Unpublished data).
Regarding O.U.R. measurements, again similar profiles were obtained, except for O.U.R. calculated using the global mass balance by means of the Bluesens gas analyzer, that shows and erratic and a high dispersion in the measurements. As can be seen in the figure for the OUR calculated from the dynamic method and the stationary liquid mass balance using the valves controllers, only small differences were observed on the time in which the maximum was reached, what was in good concordance with the differences observed on cell density profiles as well. In those cases, in which the maximum cell density was reached 24 hours earlier, the maximum of O.U.R. profile was also accordingly anticipated. As it can be seen in Figure 4 Eventually, O.U.R. values determined by means of the two successful methodologies were represented versus viable cell density obtained from the profile fitted to the experimental values ( Figure 6 ). As it can be seen, both profiles were quite similar, meaning that any of both methods can be used for the determination of O.U.R.. However, the profiles obtained using the dynamic method showed higher point dispersion due to the intrinsic estimation error of the method. On the contrary, the profile obtained with the stationary liquid mass balance was smoother and showed fewer transients, and therefore it would be a more suitable method to be used in future culture strategies based on OUR estimation.
Additionally, the specific oxygen consumption rates (qO2) for HEK293 cells were to provide a measured value on the estimation error. Nevertheless, the method was empirically and successfully compared with the dynamic and the global mass balance methods, obtaining analogous results using the dynamic method, but clearly much less dispersed. Additionally, the sensitivity and uncertainty analysis were analytically and numerically approached. Ending conclusion is that as far the D.O. measurement error can be kept below reasonable limits (<5 %) and despite that during the D.O.
settling time the O.U.R. estimation cannot be considered valid, once the set point is reached, the overall uncertainty trends to be mostly related just to the kLa drift as it happens for the dynamic method and the stationary liquid mass balance 23 .
Interestingly, the simplified stationary liquid mass balance method offers outstanding advantages: 1) is the cheapest method tested in this work, 2) higher measurements frequency can be performed compared to others methods, 3) D.O. can stably been kept therein a narrow range and 4) eradicates the cell stress produced by gas flow pulses variations.
With the aid of this method it was possible to find a correlation between the O.U.R., the cell concentration 24 and the glucose consumption during the first phase of the culture. In a second phase, in which HEK293 were able to metabolize lactate as other human cell lines 25 , a change in the O.U.R. profile, characterized by a decrease in the specific oxygen consumption rate was detected. Additionally, the off-line data available permitted a crucial observation, the fact that the turning point in the O.U.R. stability (lack of cell stress) and cost. Additionally, the results obtained could be applied to the optimization of high cell density culture strategies like fed-batch or continuous perfusion cultivation, in which the proposed method can be applied.
